Abstract-This study uses the open-source wave energy converter simulator (WEC-Sim) code to model the Columbia Power Technologies SeaRay 1:7 scale WEC. WEC-Sim is intended to run quickly on standard desktop equipment and provide a very gentle learning curve for WEC modeling. This paper focuses on the linear implementation of WEC-Sim as that requires the least simulation time and is often the starting point for basic system design. WECSim results are compared against the SeaRay experimental data. Two studies were conducted: A comparison of WEC-Sim predications versus experimental data across 285 trials of varying sea states to determine the overall average power and energy production; and a determination of WEC-Sim's accuracy in predicting the experimental ranges of position, speed, torque, and power. The study of average power production across many sea states shows that the WEC-Sim predicts the average power of the aft float well, within 15%, but the error in the fore float is larger at 34%. The error in total predicted power is 24%. The detailed analysis of range of motion shows WEC-Sim predicted 95th percentile outliers (which dominate the design considerations) in position, speed, and torque by +15%, +14%, and +17%, respectively, for the fore float and −1%, −9%, and −6%, respectively, for the aft float.
needed to navigate a wide range of design options, as opposed to slower, more complex hydrodynamic modeling necessary for refined designs. This paper presents a comparison of experimental performance of a prototype WEC (the CPwr SeaRay) and the simulated expected results of that same WEC using WEC-Sim. The contribution of this study is to help inform WEC modelers and engineers of the current abilities and limitations of linear analysis tools, such as WEC-Sim.
Sandia National Laboratories (SNL) and the National Renewable Energy Laboratory (NREL) have jointly developed WECSim, an open-source wave energy converter (WEC) design and analysis tool capable of running on a standard personal computer. WEC-Sim simulates WECs of arbitrary device geometry subject to operational and extreme waves [1] . The code is developed in MATLAB/Simulink using the multi-body dynamics solver SimMechanics, and relies on Boundary Element Method (BEM) codes to obtain hydrodynamic coefficients such as added mass, radiation damping, and wave excitation. The WEC-Sim hydrodynamic solution has been verified through code-to-code comparison, and has undergone preliminary validation through comparison to experimental data [2] - [5] . Furthermore, additional validation of the WEC-Sim code is ongoing with scale device tank testing at Oregon State University (OSU) in the summer of 2016.
WEC-Sim was chosen because it is free, open-source, and integrated with MATLAB/Simulink, which is familiar analysis platform for many engineers. (Beside WEC-Sim, commercial softwares such as WaveDyn [6] and ProteusDS [7] -which have undergone validation against experiment -are also suited for this study.)
II. WAVE ENERGY CONVERTER DESCRIPTION
Columbia Power Technologies (CPwr) deployed a scaled prototype wave energy converter in the Puget Sound from February 2011 to March 2012. (The Puget Sound is a large estuary in the state of Washington in the United States and features winddriven waves that provide a good scaled testing environment.) The SeaRay, shown in Figs. 1 and 2, consists of three rigid bodies which are constrained to move in a total of eight degrees of freedom (DOF), a nacelle (6 DOF) and two floats constrained to pitch. The SeaRay is kept on station with a spread three-point mooring system, such that it can face any direction. The SeaRay prototype is a dedicated research platform instrumented with a suite of data collection equipment and sensors. The SeaRay was designed as a 1:7 scale prototype of the Generation 3.1 Ray series WEC [8] .
The SeaRay is a non-symmetric point attenuator designed to operate primarily in the heave, surge, and pitch modes of motion. Non-symmetric wave energy converters have a theoretical limit of 100% capture of incident wave energy, and indeed early lab testing results of the Salter duck -which has a shape similar to the floats of the SeaRay -demonstrated capture ratios of 80% [9] . The SeaRay has a width of 2.57 meters, and during the testing period covered in this paper, operated with an average relative capture width (RCW) of 0.45. Additional information on SeaRay RCW and simulated performance can be found in [8] . The relative pitching motion between the nacelle and either float actuates a direct drive rotary (DDR) power take off (PTO) which is the mechanism by which mechanically absorbed wave energy is converted into electrical energy. There are two separate PTOs, one linking the fore float to the nacelle and one linking the aft float to the nacelle, as shown in Fig. 1 . The PTOs were controlled for torque linearly proportional to the rotary speed (i.e., linear damping) [10] - [13] .
III. EXPERIMENTAL DATA FOR COMPARISON
The data collected from the Puget Sound is from February 2011 to March 2012. A subset of the SeaRay data set for June 2011 is provided by CPwr for use in this study. Fore and aft generator torque, speed, and position were recorded in 512 seconds segments at a 0.04 second sample rate. The final data set for comparison is 285 trials.
Wave and current data are collected using an Acoustic Wave And Current Profiler (AWAC), allowing performance and design data to be correlated to enviromental input conditions. This data is used to characterize the metocean condition (i.e. sea states).
Several requirements are established to down-select the data. Only those trials that are head on (absolute value of relative wave heading less than 22.5
• ), with relatively little directional spreading and are within the operational PTO damping cases are considered.
IV. SIMULATION SETUP
WEC-Sim is capable of running both linear and nonlinear hydrodynamic theories. Although the nonlinear hydrodynamic approach is available for use, the code is not efficient for running complex WEC bodies such as the SeaRay, which requires a fine mesh. The computational time is costly and it is not suited for this study. (Improvements to the non-linear capability will continue and be utilized for future research.) Other features such as viscous drag forces and mooring forces are available in WEC-Sim.
This study includes the viscous drag force calculation. The viscous drag coefficients are provided by CPWr, having been determined by prior small-scale tank testing experiments.
Mooring is not included in this study. The simulation shows that without mooring, the WEC did drift but within an acceptable distance. CPwr used a three point mooring that connected to the damper (from top to bottom: nacelle, spar, damper). This mooring design allows vertical motion but constrains the watch circle.
Assuming linearity is also the most common initial assumption for early stage design, which is the focus of this paper. Each 1000 second simulation at 0.05 second time step typically requires 2 minutes of real time to simulate. The simulation is run with three degree-of-freedom for the nacelle (heave, surge, and pitch), and one one degree-of-freedom (pitch) for each float.
The linear model -which assumes that the body motion and the waves consist of small amplitudes in comparison to the wavelengths -uses hydrodynamics force coefficients -such as added mass, radiation damping, and wave excitation -from BEM (Boundary Element Method) tools. This approach of determining the hydrodynamic forces uses the linear wave theory assumption that waves are the sum of incident, radiated, and diffracted wave components [1].
The nonlinear model -which is not used in this studyrefers to the nonlinear restoring and Froude-Krylov forces when solving the system dynamics of WECs which accounting the weakly nonlinear effect on the body hydrodynamics [1].
This study accounts for body-to-body interactions when running the linear model. The body-to-body interactions refer to the interactions in the radiation force calculation in which the motion of a body causes a force on other bodies [1].
WEC-Sim models these wave forcing components using linear coefficients obtained from a frequency-domain potential flow BEM solver (e.g., WAMIT [14] , AQWA-FER [15] , and Nemoh [16] ). The BEM solutions are obtained by solving the Laplace equation for the velocity potential, which assumes the flow is inviscid, incompressible, and irrotational. Fig. 3 shows the SeaRay from the ParaView animation. ParaView is an open-source, multi-platform data analysis and scientific visualization application [17] . As shown in Fig. 3 , moorings are not modeled in this study.
A. Pre-Processing
A water depth of 21 meters was used, representative of the mean observed depth during the SeaRay experiment. The surface mesh of the WEC employed a total of 10,493 diffracting panels for the BEM solution. Fig. 1 shows a SolidWorks drawing of 1:7 scale WEC.
The process below explains how the data is obtained from AQWA and converted into a readable file for WEC-Sim. 1) AQWA -which contains information about the WEC geometry and mass properties -produces the LIS and AH1 files that contain information about frequency-domain Boundary Element Method (BEM). 2) WEC-Sim pre-processer BEMIO -developed by SNL and NREL as part of the WEC-Sim project -converts the LIS and AH1 data files to a final HDF5 format file, which is read by WEC-Sim for time-domain simulations.
B. WEC-Sim
The 285 trials selected from the experimental test data are each used to seed a comparison simulation in WEC-Sim. The process is as follows:
1) Sequentially select one of the 285 experimental test trials 2) Run a 1000 second simulation at a 0.05 second simulation step in WEC-Sim for a sea state of the same spectrum, with the same fore and aft generator damping. The spectral phase information is randomized. 3) Compare the statistical measures of generator position, speed, and torque of the experimental data versus the simulation. The statistical measures are the absolute minimum, absolute maximum, absolute average, as well as the full probability mass functions and cumulative distribution functions.
The dynamic response of the system used in this study is calculated by solving the equation of motion for WEC systems [18] , [19] . The equation of motion for a floating body, about its center of gravity, can be given as [1]:
whereẌ can be the translational or rotational acceleration vector of the device, m is the mass matrix, F ext is the wave excitation force vector, F rad is the radiation force vector, F PTO is the PTO force vector, F v is the viscous drag force vector, and F B is the net buoyancy restoring force vector. The BEM solver is used to generate the frequency-domain forces F ext and F rad . The excitation term consists of a Froude-Krylov component that results from the undisturbed incident waves and a diffraction component due to the presence of the floating body. The radiation force is dependent on body acceleration and speed, represented as added-mass and damping terms. In the time domain, the frequency dependent damping component is determined via convolution with the impulse response [20] .
Where A ∞ is the added mass matrix at infinite frequency and K is the radiation impulse response function. The irregular excitation force is calculated as
where S is the wave spectrum and φ is a random phase angle. The PTO mechanism is represented as a linear spring-damper system, where the reaction force is given by
where C PTO is the damping of the PTO. The power of the PTO is given by:
The effect of viscous losses to the system is calculated as below
where C d is the viscous drag coefficient, ρ is the fluid density, and A D is the characteristic area.
V. RESULTS AND DISCUSSION
The focus of the analysis is on the accuracy of WEC-Sim in assisting wave energy converter developers with two objectives: estimating average power performance (and hence revenue), and estimating system position, speed, and force (i.e., torque) to verify mechanical design constraints. Both analyses use all 285 trials of experimental data for comparison. Each trial is characterized by a significant wave height and a peak period.
A. Predicting Average Power Performance
The average power data can be presented several ways. In  Fig. 4 , the top and bottom rows present the fore and aft float average power by trial number, peak period, and significant wave height, respectively. The fore and aft float power plots on the left are plotted versus trial number. The center and right side plots are for the trials grouped by the peak wave period and significant wave height of the trial.
The results show generally good agreement, with a visually noticeable persistent over-prediction of fore float power production by WEC-Sim, and a slight under-prediction of the aft float power production. Figs. 5 and 6 plot the fore and aft float average power with the trials binned by peak period and by significant wave height, respectively. Plotted this way, it is seen that the modeling errors tend to be consistent with one noticeable exception for the aft float in small, long (i.e., large period) waves. For short and medium waves, the aft float average power tended to be over-predicted, but for small, long waves there are several trials for which the aft float average power was under-predicted. Fig. 7 shows the average power presented in terms of sea state: peak period and significant wave height. The third column is the difference between the first two columns (i.e., WEC-Sim minus experimental). The values of the third column are given in Table I . Here it is very clear that the fore float power is consistently over-predicted for all sea states, and the aft float is generally under-predicted with the exception of the aforementioned small, long wave case. The largest absolute prediction error for the fore float is 92.4 W, which is 24.7% of the peak average fore float power of 374 W. The largest absolute prediction error for the aft float is 26.4 W, which is 22.6% of the peak average aft float power of 116.6 W.
Lastly the difference in prediction is weighted by the sea state probability mass function, shown in Table II. Table I helps  to understand the model accuracy for different regimes, but  Table II helps to understand where the model accuracy is most Table I ). The fourth column is the predicted power minus the experimental power weighted by the probability mass functions of sea state (values given in Table II ). This illustrates the sea states for which model accuracy is most important for the purposes of predicting power performance. For both the fore and aft float, the most significant source of error is in the large height, medium length waves. important for predicting overall average power (i.e., energy and hence revenue) in a realistic sea environment. The highest sea-state weighted average power error for the fore float is 26.3 W for large height, medium length waves while the lowest is 0.6 W for small size, long waves; the total weighted fore float power error -the sum over Table II -is 60.7 W.
The highest sea-state weighted average power error for the aft float is −4.7 W for large height, medium length waves while the lowest is −0.1 W for small height, medium length waves; the total weighted aft float power error is −7.3 W.
In relative perspective, the total experimental fore float power -which is the sum over the element wise product of the PMF and the average fore float power by sea state -is 176.7 W. Therefore WEC-Sim overpredicted the fore float power by 60.7 W / 176.7 W = 34%.
The total experimental aft float power is 47.8 W. Therefore WEC-Sim underpredicted the aft float power by 7.3 W / 47.8 W = 15% Finally, the total weighted power error for both the fore and aft float (i.e., the total WEC power average power error) is 60.7 W − 7.3 W = 53.4 W. The total experimental fore and aft float power is 176.7 W + 47.8 W = 224.5 W. Therefore the WEC-Sim overprediction in average power is 53.4 W / 224.5 W = 24%.
B. Predicting Position, Speed, and Torque Ranges of Operation
The goal of this analysis is to ascertain the accuracy of predicting not only average power performance, but also the maximum and minimum generator position, speed, torque, and power, as these are critical limits for designing the WEC.
For example, wave energy converter designers must design the mechanical system to have a particular range of motion, the generators must be designed for a certain voltage range (which is directly related to speed), and the generators must be designed for a current range (which is directly related to torque). Table III.   TABLE III FORE (WHITE) AND AFT (GRAY) FLOATS Fig. 8 shows the probability mass functions for the samples of the position, velocity, torque, and power time series over all 285 trials for both the experiment and the predicted WEC-Sim performance. Table III presents the mean, standard deviation, and 95th percentile (i.e., approximately 2 standard deviations away from the mean for a normal distribution).
Examining the fore float results, it is observed that there is a fairly good prediction of position and velocity. Focusing on the outlier events, the prediction error in 95th percentile position, speed, and torque is 0.186/0.162 -1 = +15%, +14%, and +17%, respectively. For the aft float, the simulated 95th percentile predictions in position, velocity, and torque (and hence power) are −1%, −9%, and −6%, respectively.
Thus it is shown that even though WEC-Sim did not have the same exact water surface elevation profile as the actual experimental test, in a probabilistic sense, it predicted the operation of the aft float very well. On the other hand, as seen in the average power analysis WEC-Sim tends to over-predict the fore float excitation.
VI. CONCLUSION
This paper presents a comparison of experimental performance of a prototype WEC (the CPwr SeaRay) and the simulated expected results of that same WEC using WEC-Sim.
The analysis focused on two key aspects: predicting long-term average power (i.e., energy) across many different sea states, and predicting instantaneous motion, torque, and power ranges. This covers two of the main uses of a tool like WEC-Sim: how much energy will be converted, and what operational limits does the WEC need to be designed for?
Considering the challenges of modeling a complex threebody device with near-field interactions using linear hydrodynamics, WEC-Sim did reasonably well in estimating the overall energy, estimating the total energy converted to within 24% (overprediction). The aft float power alone was better predicted, within 15%.
An analysis of average power by sea-state weighted by seastate PMF shows that the primary source of prediction error for both the fore and aft float was for large height, medium length waves.
The operational ranges and limits were generally well predicted, with errors in prediction of the outliers of fore float actuation between +14% to +17%, and errors in the aft float actuation between −1% and −9%.
WEC-Sim is intended to run quickly on standard desktop equipment and provide a very gentle learning curve for WEC modeling. This paper focuses on the linear implementation of WEC-Sim as that requires the least simulation time and is often the starting point for basic system design. With linear hydrodynamics, each simulated trial of 1000 seconds requires 2 minutes of real time. With this in mind, it is shown that WECSim with linear hydrodynamics gives useful first estimates of system performance, even for a complex WEC. The observed errors in prediction tended to be consistent across all operating conditions.
The possible sources of errors in prediction are off-directional or spread waves in the experimental data. This was controlled by selecting trials with head-on waves and small spreading, but there is likely some deviation present. Wave steepness and its impacts on hydrodynamics is another possible source of error. There are perhaps some indications of this in the nonconsistency of predicted power for the aft float for small, long waves, which are very small steepness.
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